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(57) Abstract: A thin film coating for a low alloy steel or 
tool steel components in a fuel injector (14), such as a fuel 
injector needle valve (86) is disclosed. A thin film coating 
(96) consists of a metal carbon material layer less than 2.0 
microns thick applied to a low alloy steel substrate (95) or 
tool steel substrate (95) used in fuel injector components, 
such as the fuel injector needle valve (86) or a portion 
thereof. Optionally, a thin bond layer (98) of chromium is 
deposited between the steel substrate (95) and the primary 
metal carbon material coating (96). The thin film coating 
(96) minimizes abrasive and adhesive wear associated 
with the needle valve (86) and cooperating nozzle surfaces 
(62, 63) of the fuel injector (14). 
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Description 

THIN FILM COATINGS FOR FUEL INJECTOR COMPONENTS 

5 Field of the Invention 

The present invention relates to thin film 
coatings for steel components used in fuel injectors, 
and more particularly for metal carbon material thin 
film coatings for low alloy steel or tool grade steel 
10 fuel injector needles . 

Background of the Invention 

Many internal combustion engines, whether 
compression ignition or spark ignition engines, are 

15 provided with fuel injection systems to satisfy the 
need for precise and reliable fuel delivery into the 
combustion chamber of the engine. Such precision and 
reliability is necessary to address the goals of 
increasing fuel efficiency, maximizing power output, 

20 and controlling emissions or other undesirable by- 
products of combustion. 

In direct injection diesel engine 
applications, a fuel injector is a precision device 
that must meter the quantity of fuel required for each 

25 cycle of the engine and must develop the high pressure 
necessary to inject the fuel into the combustion 
chamber at the correct instant of the engine operating 
cycle. Many fuel systems presently used in direct 
injection diesel engines utilize a hydraulically 

30 actuated and/or electronically controlled fuel 

injector to pressurize the fuel charge to obtain the 
desired fuel spray pattern and fuel volume into the 
combustion chamber at the. precise moment. 
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Additionally, the many modern hydraulically 
actuated and/or electronically controlled fuel 
injectors often operate in a much more harsh or severe 
environment, in terms of operating temperatures, 

5 pressures, speeds, etc. than conventional fuel 
injectors. These hydraulically actuated and/or 
electronically controlled fuel injectors often use 
very compact and high precision moveable components 
such as the fuel injector needles, valves, and 

10 plungers to achieve the prescribed delivery of fuel at 
the desire time and for the desired duration. 

As a result of the compact nature of many 
fuel injector components together with the harsher 
environment, the stresses and forces present within an 

15 operating fuel injector are often concentrated on such 
smaller components. The decreased surface area of the 
smaller components in which to spread out the higher 
contact forces and stresses causes fuel injectors and 
fuel injector components to experience increased 

20 adhesive and abrasive wear at the contact surfaces, 
such as the nozzle tip and check interface. In 
addition, fuel injectors and fuel injector components 
require superior harness characteristics and lubricity 
characteristics to combat the higher contact stress. 

25 The operability and reliability of a fuel 

injector is dependent, to some extent, on the fuel to 
be injected, and in particular on the lubricity, 
viscosity or other salient physical characteristics of 
the fuel to be injected. The use of low lubricity 

30 fuels, in particular, can cause several problems, and 
most notably fuel injector component wear (both 
abrasion and adhesion wear) , which leads ultimately to 
the fuel injector tip failure or overall performance 
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degradation of the fuel injector. Such form of wear is 
typically caused by lack of lubrication at the 
interface between two hard surfaces causing a welding 
or adhesion of the contacting parts, e.g. the exterior 
5 surface of the fuel injector needle and interior 
surface of the fuel injector sliding and impacting 
against one another without proper lubrication tend to 
show evidence of severe wear. These forms or patterns 
of wear will change the clearance between the exterior 

10 surface of the fuel injection needle and the 

cooperating interior surface of the injector body or 
guide surface and will make the surfaces rough so the 
sliding motion of the components will not be smooth, 
both of which will lead to an incorrect amount of fuel 

15 injected into the system. Eventually, continued wear 
can lead to failure of the fuel injector tip and/or 
needle valve. As indicated above, wear patterns of 
fuel injector components is particularly evident in 
fuel injection systems that utilize low lubricity 

20 fuels. 

Various related art techniques have 
considered the use of titanium nitride (TiN) coatings 
on fuel injector plungers and other components to 
reduce wear of the coated parts. A problem encountered 

25 with TiN coatings is that a TiN coating is usually 

applied at extremely high temperatures (e.g. about 450 
degrees C) which may produce unwanted thermal stresses 
and related failures to the fuel injector components. 
It is also believed that TiN coatings on fuel injector 

30 needle tend to increase the wear of the needle mating 
component at the mating or seating location. In 
addition, TiN coatings tend to increase the overall 
cost of the fuel injector needle because the TiN coated 
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fuel injector needle requires tool grade steel to 
withstand the high temperatures observed in the 
application of the TiN coating. 

Alternatively, several related art 

5 techniques have considered the use of ceramic 

materials as the base material for the fuel injector 
needle instead of low alloy steels. Unfortunately, 
the use of a ceramic material for fuel injector 
needles is very costly and the resulting monolithic 

10 ceramic fuel injector needles have not typically 

demonstrated the necessary durability or reliability 
for commercial use in diesel engines or other heavy 
duty engine applications. 

The present invention aids in overcoming one 

15 or more of the aforementioned problems associated with 
the fuel injector needle members and satisfactorily 
addresses the shortcomings of the related art 
solutions to such problems. 

20 Disclosure of the Invention 

The invention may be characterized as a 
metal carbon material or diamond like carbon coated 
low alloy steel or tool grade steel component for a 
fuel injector, such as a fuel injector needle, having 

25 suitable hardness characteristics, improved boundary 
lubrication characteristics, and improved wear 
resistance characteristics. The fuel injector 
component, such as a fuel injector needle or other 
contacting surface, comprises a low alloy steel or 

30 tool grade steel substrate and a primary thin film 

coating (e.g. titanium containing diamond like carbon, 
chromium containing diamond like carbon, or tungsten 
containing diamond like carbon) deposited on the low 



BNSDOCID: <WO 0161 1B2A1_I_> 



WO 01/61182 



- 5 - 



PCT/USOO/40001 



alloy steel or tool grade steel substrate. The primary 
coating preferably has a thickness generally no 
greater than about 2.0 microns. The preferred coating 
may also include a thin bond layer (e.g. less than 1.0 

5 micron thick chromium layer) deposited between said 
low alloy steel or tool grade steel substrate and the 
primary metal carbon material coating. 

A further aspect of the present invention is 
the resulting hardness, boundary lubricity, and wear 

10 resistance characteristics of the coated steel 

substrate. For example, the hardness of the metal 
carbon material coating is preferably greater than 
1000 Kg/mm 2 as measured using a Hardness Knoop HDNS 50 
gram load whereas the boundary lubricity and wear 

15 resistance characteristics of the coated substrate are 
generally improved over those of an non-coated steel 
substrate . 

Brief Description of the Drawings 
20 FIG. 1 is a cross-sectional view of a fuel 

injector; and 

FIG. 2 is a side view of a coated fuel 
injection needle member in accordance with the present 
invention. 

25 

Best Mode for Carrying Out the Invention 

The following description is of the best 
mode presently contemplated for carrying out the 
invention. This description is not to be taken in a 
30 limiting sense, but is made merely for the purpose of 
describing the general principals of the invention. 
The scope and breadth of the invention should be 
determined with reference to the claims. 
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Referring now to Fig. 1, a hydraulically 
actuated, electronically controlled fuel injector 14 
having a needle check valve coated in accordance with 
the present invention is shown. Injector 14 includes 

5 an injector body 15 having an actuation fluid inlet 50 
that is connected to a branch rail passage, actuation 
fluid drains 52 and 54 that are connected to actuation 
fluid recirculation line 71 and a fuel inlet 60 
connected to a fuel supply passage 66. Injector 14 

10 includes a hydraulic means for pressurizing fuel 

within the injector during each injection event and a 
needle valve member 8 6 that controls the opening and 
closing of nozzle outlet 63. 

The hydraulic means for pressurizing fuel 

15 includes an actuation fluid control valve that 

alternately opens actuation fluid cavity 51 to the 
high pressure of actuation fluid inlet 50 or the low 
pressure of actuation fluid drain 52. The actuation 
fluid control valve includes a three-way solenoid 75 

20 attached to a pin spool valve member 76. An 

intensifier spool valve member 78 responds to movement 
of pin spool valve member 7 6 to alternately open 
actuation fluid cavity 51 to actuation fluid inlet 50 
or low pressure drain 52. The hydraulic pressurizing 

25 means also includes actuation fluid cavity 51 that 

opens to a piston bore 56, within which an intensifier 
piston 83 reciprocates between a return position (as 
shown) and a forward position. Injector body 15 also 
includes a plunger bore 58, within which a plunger 85 

30 reciprocates between a retracted position (as shown) 
and an advanced position. A portion of plunger bore 
58 and plunger 85 defines a fuel pressurization 
chamber 64, within which fuel is pressurized during 
each injection event. Plunger 85 and intensifier 

35 piston 83 are returned to their retracted positions 
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between injection events under the action of 
compression spring 84. Thus, the hydraulic means for 
pressurizing fuel includes the fuel pressurization 
chamber 64, plunger 85, intensifier piston 83, 

5 actuation fluid inlet 50, actuation fluid cavity 51 
and the various components of the actuation fluid 
control valve, which includes solenoid 75, pin spool 
valve member 76, ball check and intensifier spool 
valve member 78. 

10 In the illustrated fuel injector, fuel 

enters injector 14 at fuel inlet 60 and travels along 
fuel supply passage 66, past ball check valve 68 and 
into fuel pressurization chamber 64, when plunger 85 
is retracting. Ball check 68 prevents the reverse flow 

15 of fuel from fuel pressurization chamber 64 into fuel 
supply passage 66 during the plunger's downward 
stroke. Pressurized fuel travels from fuel 
pressurization chamber 64 via a connection passage 69 
to nozzle chamber 62. A needle valve member 86 moves 

20 within nozzle chamber 62 between an open position in 

which nozzle outlet 63 is opened and a closed position 
in which nozzle outlet 63 is closed. Needle valve 
member 86 is mechanically biased to its closed 
position by a compression spring 89. 

25 Needle valve member 86 includes opening 

hydraulic surfaces 87 exposed to fluid pressure within 
nozzle chamber 62 and a closing hydraulic surface 88 
exposed to fluid pressure within a needle control 
chamber 72. Needle valve member 86 includes a needle 

30 portion 91 and intensifier portion 92 that are shown 

as separate pieces for ease of manufacturing, but both 
portions could be and are preferably machined as a 
single integral steel component. 

It should be appreciated that pressurized 

35 fuel acts upon the opening hydraulic surfaces 87 
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whereas actuation fluid acts upon the closing 
hydraulic surface 88. Preferably, the closing 
hydraulic surface and the opening hydraulic surface 
are sized and arranged such that the needle valve 

5 member 86 is hydraulically biased toward its closed 
position when the needle control chamber is open to a 
source of high pressure fluid. Thus, in order to 
maintain direct control of needle valve member 86 
despite high fuel pressure within nozzle chamber 62, 

10 there should be adequate pressure on the closing 
hydraulic surface 88 to maintain nozzle outlet 63 
closed. When needle control chamber 72 is opened to a 
low pressure passage, needle valve member 86 performs 
as a simple check valve of a type known in the art, in 

15 that it opens when fuel pressure acting upon opening 
hydraulic surfaces 87 is greater than a valve opening 
pressure sufficient to overcome return spring 89. 
Thus, opening hydraulic surfaces 87 and closing 
hydraulic surface 88 are preferably sized and arranged 

20 such that the needle valve member is hydraulically 
biased toward its open position- when the needle 
control chamber is connected to a low pressure passage 
and the fuel pressure within the nozzle chamber is 
greater than the valve opening pressure. 

25 The multitude of forces, both hydraulic and 

mechanical, coupled with the frequency and speed at 
which the needle valve member opens and closes, result 
in the need for improved friction, boundary lubricity, 
and general wear characteristics. 

30 Turning now to FIG. 2, there is shown a side 

view of a coated fuel injector needle in accordance 
with the present invention. As seen in FIG. 2, the 
illustrated fuel injector needle valve includes a main 
body section, a lower section, and a loading end 

35 section. The various sections of the fuel injector 
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needle 8 6 are formed or machined from a low alloy 
steel substrate or, more preferably, a tool steel 
substrate 95. The term "low alloy" as used herein 
means a steel grade in which the hardenability 
5 elements, such as manganese, chromium, molybdenum and 
nickel, collectively constitute less than about 3.5% 
by weight of the total steel composition. From an 
economic and reliability standpoint, a low alloy steel 
or tool steel substrate 95 is preferable for many fuel 

10 injector components, including the fuel injector 
needle and fuel injector nozzle. 

Composition of the primary coating 96 is 
preferably selected from the group consisting of metal 
carbon materials such as titanium containing diamond 

15 like carbon (DLC) , tungsten-DLC, or chromium- DLC . The 

preferable metal carbon material is a tungsten-DLC such 
as tungsten-carbide containing carbon. Where tungsten- 
carbide containing carbon is used the tungsten content 
is graded, and thus may range at any given layer of 

20 between about 0% to about 100%, more preferably between 
about 15% and about 30%. 

Depending on the intended application and 
environment of the coated fuel injector component, it 
may be advantageous to apply a bond layer 98 of a 

25 chromium layer or other suitable metal layer to the 

steel substrate 95 to provide improved adhesion of the 
primary metal carbon material coating 96, if tungsten- 
carbide containing carbon is utilized as the primary 
coating. If used, the optional bond layer material is 

30 preferably applied using a similar vapor deposition 

process to yield a bond layer 98 having a thickness of 
generally between about 0.05 micron and 0.5 micron. 
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The coating thickness on the fuel injection 
needle valve member 86 should be fairly uniform as 
measured on a sample of the fuel injector needles by 
the Ball Crater Test at a plurality of locations on 
5 the needle. Alternatively one can demonstrate uniform 
coating thickness through scanning electron microscopy 
measurements on a sample of selected cross sections of 
the fuel injector needles, or through the use of X-ray 
fluorescence . 

10 in the preferred embodiment, the primary 

metal carbon material coating has a thickness 
desirably no greater than about . 2 . 0 microns and 
preferably has a thickness of between about 0.5 
microns and about 1.7 microns. A primary coating 

15 thickness greater than about 2.0 microns is 

undesirable because the metal carbon thin film coating 
96 may develop residual stresses high enough to 
separate the metal carbon thin film coating 96 from 
bond layer 98 or steel substrate 95. The thin film 

20 coating 96 may be applied to the entire length of the 
needle valve member substrate 95 or the coating 96 may 
be applied partially, to the lower end of the needle 
valve member. In order to apply only a partial thin 
film coating, the needle valve member may be held by a 

25 small cup or retainer with a slightly larger diameter 
to hold the needle valve member, in place during the . 
coating process. The portion of the needle valve 
member to be coated is then exposed while the portion 
that is to be free from said coating would be disposed 

30 in and covered by the cup or retainer. Preferably, 
only the lower portion of the needle valve member 
proximate the fuel injector tip requires the thin film 
coating. However, it may be advantageous to apply a 
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thin film coating to the entire substrate of the check 
valve for certain applications.' 

The chromium bond layer 98 has a thickness 
desirably no greater than about 1.0 micron and 
5 preferably has a thickness of between about 0.05 
micron and 0.5 micron and most preferably between 
about 0.1 and 0.3. As with the primary coating 96, a 
bond layer thickness greater than the af ormentioned 
thickness is undesirable because the bond layer 98 may 

10 develop residual stresses high enough to separate from 
the steel substrate 95 or needle valve member. 

Control of some or all of the physical 
properties of the thin film coatings and coated 
substrate other than thickness are also important to 

15 producing a highly reliable needle member. For 

example, coating adhesion, coating hardness, substrate 
hardness, surface texture, frictional coefficients, 
are some of the physical properties that should be 
monitored. Although different applications may demand 

20 different physical properties, the following 

discussion discloses some of the properties in the 
preferred embodiments of the thin film coated fuel 
injector needle valve. 

Broadly speaking, the applied thin film 

25 coatings should be generally free of surface defects 
and have a specified surface texture ratings or 
surface texture measurements dependent on the 
environment, specifications, and intended use of the 
component. Surface defects are generally observed on a 

30 sample of the fuel injector needle members coated 
through the observation of multiple points on the 
surface of the coated samples at about 100. times 
magnification factor. The surface observations are 
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generally compared to various classification standards 
to ensure the coatings are substantially free from 
surface defects as opposed to pin holes and substrate 
defects . 

5 In addition, the applied coatings should 

generally adhere to the steel substrate. Coating 
adhesion can be assessed for a given population of 
fuel injector needle members, for example, by using 
standard hardness tests (e.g. Rockwell C HDNS 

10 measurements) . The impact locations on the surface are 
observed and generally compared to various adhesion 
classification standards based on the size and amount 
of cracks present and the flaking of the coatings. 

In the disclosed embodiment, the coating 

15 hardness is also important characteristic of the fuel 
injector needle member. Preferably, the applied 
tungsten-carbide containing carbon coating maintains a 
hardness of greater than 1000 Kg/mm 2 as measured using 
a Hardness Knoop HDNS 50 gram load. In the disclosed 

20 embodiment, the substrate hardness after the coating 
process is preferably 75-79 RKW using a 30N hardness 
tester . 

In the preferred embodiment, the coated 
steel substrate desirably has a boundary lubricity 

25 value greater than the boundary lubricity value of the 
steel substrate as measured using the ISO 12156, 
version 1.3 HFRR (High Frequency Reciprocating Rig). 
Also, the coated steel substrate desirably has a 
friction coefficient less than about 0.5, and more 

30 preferably a friction coefficient no more than about 
0.2 whereas the friction coefficient of the non- 
oxidized, non-coated steel component is typically 0.5 
or greater. It is also desirable that the friction 
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coefficient be about 0.2 because the beneficial 
effects of enhanced boundary lubrication will be 
offset by a substantial increase in the friction 
coefficient . 

5 Although not shown, it is readily understood 

by those skilled in the art that in addition to 
coating fuel injector needles, it would be equally 
advantageous to provide a coating to the component or 
surface with which the fuel injector needle contacts, 

10 namely the fuel injector nozzle surface. Coating of 
the contacting surfaces of the fuel injector nozzle 
and other fuel injector components with diamond like 
carbon coatings is advantageous not only from the 
added lubrication and friction characteristics of the 

15 coated component and cooperating surfaces, but also 

from the viewpoint of controlling the wear patterns of 
contacting surfaces, as explained herein. 

Any one of the vapor deposition techniques, 
such as physical vapor deposition (e.g. sputtering), 

20 chemical vapor deposition and arc vapor deposition or 
hybrids thereof, can be employed to deposit the 
coatings on the low alloy steel or tool grade steel 
substrate. In the preferred embodiment with tungsten- 
carbide containing carbon selected as the primary 

25 coating, the preferred method used to apply the 
tungsten-carbide containing carbon coating should 
allows precise control over the amount of tungsten 
carbide in the thin film coating. As previously 
stated, the bond layer of chromium, utilized in 

30 conjunction with the tungsten-carbide containing carbon 
coating can be applied by sputtering or, more 
preferably, an arc vapor deposition (AVD) process. 
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In general, in arc vapor deposition, the arc 
source is adapted to impart a positive charge on the 
vapor generated. A negative bias voltage of a selected 
voltage (e.g. 50 Volts) is applied to the substrate by 
5 a voltage source. A vapor deposition bond layer of 
chromium is thus deposited on the target substrate. 
Such arc vapor deposition coating methods, utilizing an 
arc source to impart a positive charge on the vapor 
generated and a negative bias voltage to impart a 
10 negative charge on the substrate, are generally known 
in the art. 

The steel substrate is formed from an non- 
oxidized steel substrate that has been cleaned and 
prepared to facilitate bonding with the preferred 
15 .coating or bond layer or both. Prior to coating, the 

cleaning and the preparation of the steel substrate can 
be accomplished by conventional methods such as 
degreasing, grit blasting, etching, chemically assisted 
vibratory techniques, and the like. Such surface 
20 finishing techniques are well known to those skilled in 
the art. The preferred substrate surface finishing 
operations performed prior to the coating application 
include a grinding process to obtain a highly smooth 
surface, ultrasonic cleaning with an alkaline solution, 
25 and ion-etching of the substrate surface using argon. 
In addition, any heat treatment operations specified 
for the component are performed prior to coating 
applications . 

In the preferred embodiment, the thin film 
30 coating process further comprises the step of forming a 
solid lubricant coating on the substrate by arc vapor 
deposition or sputtering process. As indicated above, 
the preferred coating is tungsten carbide containing 
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carbon because such coatings result in improved 
boundary lubrication with a reduction in friction of 
the lubricated contact. Arc vapor deposition (AVD) is 
the preferred method of depositing the coatings, and in 
5 particular the chromium bond layer, if used, on the 

steel substrate because the AVD process is carried out 
at temperatures in the range of 150-250°C or other 
temperatures which are below the tempering temperature 
of the selected grade steels. Likewise, the sputtering 

10 process is generally performed at temperatures that 
have little residual effect on the steel substrates. 
Thus, during the coating process, the hardness of the 
substrate is generally unaffected by the thin film 
coating procedure. The finished metal carbon material 

15 coating is preferably a uniform thickness (e.g. between 
about 0.5 micron and about 1.7 microns), smooth, 
adherent and free from visible defects. If used the 
preferred chromium bond layer is between about 0.05 and 
0.5 microns thick. 

20 

Industrial Applicability 

The disclosed thin film coatings for fuel 

injector components, such as fuel injector needles, 

are particularly useful in highly loaded, marginally 
25 lubricated fuel injection system applications where 

component wear (both sliding and impact type) are 

typically encountered. 

The component comprises a steel substrate 

and diamond like carbon primary coating (e.g. tungsten 
30 carbide containing carbon) deposited on the substrate. 

The primary thin film coating has a thickness 

generally no greater than about 2 microns and more 
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preferably, a thickness of between about 0.5 microns 
and about 1.7 microns. 

Optionally, a bond layer of chromium or 
other suitable metal is applied to improve the 

5 adhesion properties of the primary thin film coating 
to the substrate. Applying a bond layer between the 
steel substrate and the primary thin film coating is 
generally known in art. The bond layer has a 
thickness of less than 1.0 microns and more preferably 

10 of between about 0.1 microns and about 0.3 microns. 
The actual thickness and other physical property 
characteristics of the coating are preferably tailored 
to the application and environment in which the fuel 
injection system is to be used. 

15 The use of the disclosed component coatings 

in such hostile fuel injection system applications 
provides advantages even after such coatings wear away. 
As may be expected, even the disclosed fuel injector 
component coatings wear over time and after continual 

20 use. However, as the coatings wear, the contacting 
surfaces of the underlying steel substrates exhibit 
corresponding wear patterns. Thus, even after the 
component coatings are no longer present, the 
contacting steel surfaces of the previously coated fuel 

25 injector components exhibit only marginal amounts, if 
any, wear. 

In other words, even if the disclosed 
coatings wear away gradually, there is little or no 
wear problem between mating components because the 
30 mating surfaces of the needle valve member and nozzle 
are worn in such a way that the steel to steel 
interface is not highly frictional to cause wear. 
Thus, the disclosed coatings provide the added benefit 
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of protecting the components from adhesive and abrasive 
wear much the same as a break-in coating would protect 
contacting surfaces . 

The illustrative example, as set forth below, 
5 shows the beneficial effect of the diamond like carbon 
coatings deposited by sputtering on a low alloy steel 
or tool grade substrate. 

Examples 

10 The following Examples will serve to further 

typify the nature of the invention but should not be 
construed as a limitation on the scope thereof. 

Accelerated wear tests were performed on 
Caterpillar fuel injector components operating within 

15 a Caterpillar Fuel Injector. The fuel injector needles 
contained in the tested fuel injectors included at 
least one with a tungsten carbide containing carbon 
thin film coating on a low alloy steel substrate 
(52100 . Steel) , at least one with a tungsten carbide 

20 containing carbon thin film coating on a tool grade 
steel substrate (M2) . The wear test was a combined 
needle check and corresponding tip wear test that 
measures the protrusion change in microns. Generally, 
the lower protrusion change represents improved wear 

25 characteristics. The test samples were compared to 

wear tests for two baseline Caterpillar fuel injectors 
having no coatings applied to the needle valve member. 
The two baseline samples included a needle valve 
member one made from a low alloy steel substrate 

30 (52100 Steel) and one made from a tool grade steel 
(M2) . The Caterpillar Fuel Injectors were testing 
using direct injection of a Caterpillar fuel, 1E2820, 
which is a low lubricity diesel fuel. Eighteen 18 
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needles were utilized per test. The fuel injectors 
were tested for 125 hours and 250 hours before the 
wear comparisons were made. 

Generally speaking, the tungsten carbide 

5 containing carbon coated fuel injector needles 

demonstrated very good wear resistance when pumping 
the low lubricity fuel as compared to the non-coated 
fuel injector needle of the same steel substrate. In 
addition, the needle check valve having a tool grade 

10 steel substrate and a tungsten carbide containing 
carbon thin film coating performed better than 
expected at the 250 hour test intervals. Comparative 
test results are given in the following table. 



Test Sample (Combined Wear Test) 


Check Protrusion 


Check Protrusion 




(a). 125 Hours 


(a). 250 Hours 


Baseline Non-Coated Low Alloy Steel 
Injector Needle 


51 Microns 


96 Microns 


Baseline Non-Coated Tool Grade Steel 
Injector Needle 


67 Microns 


47 Microns 


Low Alloy Steel Substrate, Tungsten 
Carbide/Carbon Coated Injector Needle 


18.5 Microns 
14 Microns 




Tool Grade Steel Substrate, Tungsten 
Carbide/Carbon Coated Injector Needle 


21.5 Microns 
21 Microns 


24 Microns 



15 

From the foregoing, it should be appreciated 
that the present invention thus provides a coating or 
surface treatment for fuel injection system components 
such as fuel injector needles. While the invention 
20 herein disclosed has been described by means of 
specific embodiments and processes associated 
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therewith, numerous variations can be made thereto by 
those skilled in the art without departing from the 
scope of the invention as set forth in the claims or 
sacrificing all its material advantages. 
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CLAIMS 

What is claimed is: 

1. A fuel injector (14) comprising: 

5 a fuel injector nozzle portion ( 62, 63 ) ; 

a needle valve member (8 6) slideably disposed 
within said fuel injector (14) proximate said fuel 
injector nozzle portion (62,63); 

said needle valve member (86) including a 

10 steel substrate (95) and a thin film coating (96) on 
said steel substrate (95), said thin film coating (96) 
selected from the group consisting of titanium 
containing diamond like carbon, chromium containing 
diamond like carbon, or tungsten containing diamond 

15 like carbon, 

2. The fuel injector (14) of claim 1 wherein 
said needle valve member (86) is adapted to control 
the flow of a fuel within said fuel injector (14) . 



20 



25 



3. The fuel injector (14) of claim 1 wherein 
said thin film coating (96) has a thickness being in 
the range of between about 0.5 and 2.0 microns. 

4. The fuel injector (14) of claim 1 wherein 
said thin film coating (96) is tungsten containing 
diamond like carbon. 



5. The fuel injector (14) of claim 1 wherein 
30 said thin film coating (96) is deposited on a portion 
of said steel substrate (95) . 
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6. The fuel injector (14) of claim 1 wherein 
said steel substrate (95) is comprised of a tool grade 
steel . 

5 7. The fuel injector (14) of claim 1 further 

comprising a bond layer (98) between said steel 
substrate (95) and said thin film coating (96) . 

8. The fuel injector (14) of claim 7 wherein 
10 said bond layer 998) includes a chromium layer having 

a thickness in the range of between about 0.05 and 0.5 
microns . 

9. The fuel injector (14) of claim 1 wherein 
15 said steel substrate (950 is further comprised of a 

low alloy steel grade having hardenability elements, 
said hardenability elements collectively constitute 
less than about 3.5% by weight of said steel. 

20 10. The fuel injector (14) of claim 1 

wherein said thin film coating (96) on said steel 
substrate (95) defines a hardness and said hardness is 
greater than 1000 Kg/mm 2 as measured using a Hardness 
Knoop HDNS 50 gram load. 

25 

11. The fuel injector (14) of claim 1 
wherein said non-coated steel substrate defines a 
prescribed boundary lubricity value and the coated 
steel substrate defines a second boundary lubricity 
30 value wherein said second boundary lubricity value of 
said coated steel substrate is greater than the 
prescribed boundary lubricating value of said non- 
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coated steel substrate as measured using the ISO 12156 
version 1.3 HFRR. 

12. The fuel injector (14) of claim 1 

5 wherein said non-coated steel substrate defines a 
prescribed wear resistance characteristic and the 
coated steel substrate defines a second wear 
resistance characteristic wherein said second wear 
resistance characteristic of said coated steel 

10 substrate is greater than the wear resistance 

characteristic of said non-coated steel substrate. 

13. A fuel injector comprising: 

a check valve (86) moveably disposed within 
15 said fuel injector relative to a check valve seat (63) 
of said fuel injector; 

wherein at least one of said check valve (86) 
or said check valve seat (63) includes a steel 
substrate (95) ; and 
20 a thin film coating (96) on said steel 

substrate (95), said thin film coating (96) selected 
from the group consisting of titanium containing 
diamond like carbon, chromium containing diamond like 
carbon, or tungsten containing diamond like carbon. 

25 

14. The fuel injector (14) of claim 13 
wherein said check valve (86) is adapted to control 
the flow of a fuel within said fuel in j ector ( 14 ) . 

30 15. The fuel injector (14) of claim 13 

wherein said thin film coating (96) has a thickness 
being in the range of between about 0.5 and 2.0 
microns . 
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16. The fuel injector (14) of claim 13 
wherein said thin film coating is tungsten containing 
diamond like carbon. 

5 

17. The fuel injector (14) of claim 13 
wherein said thin film coating (96) is deposited on 
only a portion of said steel substrate (95) . 

10 18. The fuel injector (14) of claim 13 

further comprising a bond layer (98) between said 
steel substrate (95) and said thin film coating (96) . 

19. The fuel injector (14) of claim 18 

15 wherein said bond layer (98) includes a chromium layer 
having a thickness in the range of between about 0.05 
and 0.5 microns. 

20. The fuel injector (14) of claim 13 

20 wherein said steel substrate (95) is further comprised 
of a low alloy steel grade having hardenability 
elements, said hardenability elements collectively 
constitute less than about 3.5% by weight of said 
steel substrate (95) . 

25 

21. The fuel injector (14) of claim 20 
wherein said thin film coating (96) on said steel 
substrate (95) defines a hardness and said hardness is 
greater than 1000 Kg /mm 2 as measured using a Hardness 

30 Knoop HDNS 50 gram load. 

22. The fuel injector (14) of claim 13 
wherein said non-coated steel substrate defines a 
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prescribed boundary lubricity value and the coated 
steel substrate defines a second boundary lubricity 
value wherein said second boundary lubricity value of 
said coated steel substrate is greater than the 
5 prescribed boundary lubricating value of said non- 
coated steel substrate as measured using the ISO 12156 
version 1.3 HFRR. 

23. The fuel injector (14) of claim 13 

10 wherein said steel substrate (95) is comprised of a 
tool grade steel - 

24. The fuel injector (14) of claim 13 
wherein said non-coated steel substrate defines a 

15 prescribed wear resistance characteristic and the 
coated steel substrate defines a second wear 
resistance characteristic wherein said second wear 
resistance characteristic of said coated steel * 
substrate is greater than the wear resistance 

20 characteristic of said non-coated steel substrate, 

25- A needle valve member (86) adapted for 
use in a fuel injector (14), said needle valve member 
(86) comprising: 
25 a steel substrate (95); and 

a thin film coating (96) on said steel 
substrate (95), said coating (96) selected from the 
group consisting of titanium containing diamond like 
carbon, chromium containing diamond like carbon, or 
30 tungsten containing diamond like carbon. 

26. The needle valve member (86) of claim 25 
wherein said thin film coating (96) has a thickness 
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being in the range of between about 0.5 and 2.0 
microns . 

27. The needle valve member (86) of claim 25 
5 wherein said thin film coating (96) is tungsten 

containing diamond like carbon. 

28. The needle valve member (86) of claim 25 
wherein said thin film coating (96) is deposited on 

10 only a portion of said steel substrate (95) . 

29. The needle valve member (86) of claim 25 
further comprising a bond layer (98) between said 
steel substrate (95) and said thin film coating (96) . 



15 



30. The needle valve member (86) of claim 29 
wherein said bond layer (98) includes a chromium layer 
having a thickness in the range of between about 0.05 
and 0.5 microns. 



20 
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